Broad full widths of half maxima ͑dampings͒ are observed from the low-frequency Raman spectra of hydrothermally prepared SnO 2 nanocrystal congeries. No matrix exists between these nanocrystals and the complex-frequency model is thus unable to explain the damping in the low-frequency Raman peaks. An alternative model in which damping is induced by the interaction between confined surface acoustic vibrations and localized electrons near the nanocrystal surface is proposed to explain the phenomenon. This model which suggests that damping is proportional to Low-frequency Raman scattering from nanocrystals ͑NCs͒ is an interesting subject of current experimental and theoretical investigations in nanoscience and nanotechnology. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] Recently, it has been utilized to kill virus by enhancing NC surface vibration 10 or absorbing microwave under resonant conditions.
Low-frequency Raman scattering from nanocrystals ͑NCs͒ is an interesting subject of current experimental and theoretical investigations in nanoscience and nanotechnology. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] Recently, it has been utilized to kill virus by enhancing NC surface vibration 10 or absorbing microwave under resonant conditions. 11 In most systems consisting of free and embedded NCs, Lamb's theory 12 is suitable for explaining the frequencies of surface acoustic modes 1,2,4-7 but the damping ͓full width of half maximum ͑FWHM͔͒ cannot be obtained by this theory. In order to elucidate the damping mechanism, a complex-frequency model ͑CFM͒ ͑Ref. 13͒ has been developed by considering the coupling between the NC vibration and matrix. However, in free NC systems or NC congeries, damping cannot be identified and explained satisfactorily due to the absence of a matrix. 9, 18 This has hampered scientific understanding and further applications.
In this work, we investigate the low-frequency Raman scattering of the SnO 2 NC systems prepared hydrothermally. Microstructure observations reveal the existence of obvious boundaries between the NCs, thereby suggesting that the system can be considered as free-standing NC congeries. 9, 18 In order to explain the damping observed experimentally, we propose a model in that the interaction between the surface acoustic vibration and electrons localized near the surface of NCs is taken into account. Good agreement is achieved between experiments and theory.
A closed cylindrical Teflon-lined stainless steel autoclave with a capacity of 120 ml was used in the synthesis. 2.80 g of SnCl 4 ·5H 2 O was put into the Teflon container which was then filled with deionized water and transferred to an ultrasonic water bath. After five minutes, aqueous ammonia was added and the stainless steel autoclave was heated to 200°C for 2, 12, and 24 h, respectively. Afterwards, the autoclaves were cooled in air naturally. The white precipitates were centrifuged and thoroughly rinsed with deionized water and ethanol several times, before drying on a cleaned Si ͑110͒ substrate at 40°C in an oven for subsequent characterization. More details pertaining to the sample preparation procedures can be found elsewhere. 14 The morphologies and size distributions of the SnO 2 nanoparticles were determined by high-resolution transmission electron microscopy ͑HRTEM͒ ͑JEOL-2010͒. The Raman spectra with five polarization configurations were acquired on a T64000 triple Raman system at back-scattering geometries using the 514.5 nm line of an Ar + laser as the excitation source. All the measurements were performed at room temperature. tively͒. The NCs aggregate via van der Waals bonding and clear boundaries exist between them. This implies the absence of a matrix in this system. Figure 1͑d͒ exhibits the HRTEM image of sample B ͑t =12 h͒. NCs 1 and 2 have lattice fringes of 0.343 and 0.265 nm, which correspond to spacings of the ͑110͒ and ͑101͒ planes of rutile SnO 2 , respectively. The area-selected electron diffraction ͑ASED͒ pattern in the inset of Fig. 1͑d͒ clearly shows three diffraction rings from the ͑110͒, ͑101͒, and ͑211͒ planes 15 disclosing random orientations of these NCs. By performing Gaussian fittings, the NC size distribution can be calculated. The median size d and FWHM w increase with t, as shown in the insets of Figs. 1͑a͒-1͑c͒. Since the NC growth process and size distributions of the samples reacted for different time durations have been described, 15 it will not be elaborated here. Figures 2͑a͒ depicts the low-frequency Raman spectra of samples A, B, and C. An intense peak is observed. With decreasing NC size, this peak shifts toward the highfrequency side. Meanwhile, the FWHM increases and intensity decreases. The Raman shift versus the inverse of the median size is found to be linear, indicating that these lowfrequency peaks arise from the surface acoustic phonon vibrations of the SnO 2 NCs. 16 To determine the origin of the low-frequency peak, the polarization configuration dependence is determined, similar to our previous investigation on Ge NCs embedded in a-SiO 2 .
17 Fig. 2͑b͒ shows five polarized normalized Raman spectra of sample B. The peak shape and position hardly change with angles between the polarization directions of the incident and scattered light. Hence, this peak can be inferred to be composed of single peak. After deducting the contribution from the size distribution, 8, 17 we fit these Raman spectra using Lorentzian lineshape and the frequency and damping as ͑ exp = 54. We now consider a homogeneous and isotropic nanosphere. The main idea of the CFM is to introduce mismatched impedance between the NC and matrix. However, in our samples, such a matrix does not exist, similar to the situation in ZnO ͑Ref. 9͒ and TiO 2 .
18 Therefore, it is reasonable to consider the current SnO 2 NCs to be free ͑see Fig. 1͒ and Lamb's theory can be applied. By introducing the proper scalar and vector potential into the equation of motion for a spherical elastic body, 12 we can solve the equation and obtain two vibrational modes, spherical and torsional modes. The frequencies of the spherical modes can be expressed as
where v l is average transverse sound velocity of SnO 2 ͑6530 m/s͒, 16 d is NC diameter, and c is light velocity in vacuum. The coefficients S l,n depend strongly on the ratio ͑v t / v l ͒ of the transverse to longitudinal sound velocities. The frequencies of both modes are proportional to the sound velocity and inversely proportional to d. The spherical modes for even l ͑i.e., l = 0 and 2͒ are Raman active 19 and their frequencies have been calculated for different d values under the free boundary condition, as shown in the inset of Fig. 3 . Good agreement is obtained between the experimental data of lowfrequency acoustic modes and theoretical results of the spherical mode with l = 0. The spherical mode with l =0 is purely radial and appears only in the parallel polarization configuration. However, the spherical mode also appears in the crossed polarization configuration in our samples. This may be due to the NC shape derivation from a sphere ͓see Fig. 1͑d͔͒ . Lamb's model cannot provide the origin of the damping ͑FWHM͒. Here, the mechanism of the damping is proposed based on our experiments. When NCs are small enough, the Debye depletion layer with a width L of ϳ15 nm ͑Ref. 20͒ dominates the whole NC. Almost all the electron carriers are trapped on the surface states due to chemisorbed adions ͑mostly oxygen adions͒ provided by air. 21 Since these electron carriers bound on the surface region are different from free electrons in metal NCs, the interaction between these electrons and surface acoustic vibrations is very strong. Accordingly, we propose a model in that localized electrons accept the vibrational energy and damp the confined acoustic phonons via an interaction. Since the electron-acoustic phonon interaction mainly results from deformation-potential ͑DP͒ coupling and the piezoelectric ͑PZ͒ coupling, 22 the damping factor ⌫ is approximately proportional to 1 / R 2 ͑DP coupling͒ and 1 / R ͑PZ coupling͒, where R is the radius of a NC. Owing to the size dependency of ⌫, the DP coupling is dominant in small size NC. In the investigation of excitonphonon coupling, Salvador 23 has proposed the relationship between electron-phonon coupling coefficient and damping factor ⌫ of l = 0 spherical mode in the case of dominant DP coupling. We extend the expression to our samples as
where S is the Huang-Rhys factor ͑coupling coefficient͒, ⌫ is damping factor, and is the frequency of l = 0 spherical mode. S depends on the frequency of the acoustic mode. Huang et al. 24 have investigated the strong coupling between localized vibrational mode induced by impurities ͑or defects͒ and electrons in the defect center showing that the coupling coefficient between monofrequency confined phonons and nearby localized electrons can be expressed as
where is the frequency of localized acoustic phonons and ⌬ is the relaxing displacement of the lattice which involves mass and temperature-dependent mean-square vibrational displacement of a unit. 25 According to our polarized Raman experiments, only the lowest order spherical mode l = 0 exists and so the monofrequency condition is satisfied. In our samples, coupling between the confined surface acoustic vibration and electrons bound near the surface of NCs can be approximately described by the above expression. Based on Eqs. ͑1͒-͑3͒, we can derive the relationship between the linewidth ͑⌫͒ and NC diameter ͑d͒ to be ⌫ ϳ d −3/2 . Good agreement between the theoretical and experimental results is exhibited in Fig. 3 . It can be obviously observed that damping of the surface acoustic mode decreases with increasing NC size.
In conclusion, we have observed a symmetrical broad peak from the low-frequency Raman spectra of the SnO 2 NC congeries. Polarized Raman experiments show that this peak has a single component. Lamb's theory suggests that this low-frequency peak belongs to the l = 0 spherical mode. After deducting the contribution from the size distribution, this acoustic mode shows heavier damping. Considering the coupling between localized electrons and confined surface acoustic vibration, the origin of more substantial damping is explained by an alternative model and verified experimentally.
